Abstract -The bigeye cigarfish (Cubiceps pauciradiatus) is a small pelagic nomeid of the tropical world ocean, often recovered in the stomach contents of top predators such as tunas, billfishes and marine mammals. In the Indian Ocean, a few studies have investigated the biology and the ecology of this species that is one of the most abundant fish of the intermediate trophic levels. In this paper, we investigated the spatial distribution of C. pauciradiatus in the Indian Ocean using pelagic trawl catches carried out between 20˚N and 45˚S, and the importance of bigeye cigarfish in the diet of 9 piscivorous fishes sampled by different fishing gears in the western part of the Indian Ocean. The highest densities were observed along the eastern coast of Africa and in the Arabian Sea (87 000 individuals per square nautical mile) during the South-West Monsoon and in the eastern part of the Seychelles archipelago (62 200 ind. square nmi) during the North-East Monsoon. Small sized bigeye cigarfish (20-80 mm SL) was a regular and abundant prey (20 to 200 ind. per stomach) for schooling predators exploited by purse seine fishery such as large yellowfin and bigeye tunas chasing prey near the sea surface. Large sized bigeye cigarfish (61-150 mm SL) occurred in small numbers (3 to 20 ind. per stomach) in the stomach contents of swordfish and of large yellowfin and bigeye tunas caught by longline sets at great depths. Large concentrations of bigeye cigarfish occurred in zones of high productivity, and that species constituted seasonally a strong link in the transfer of energy from low to high trophic levels in this part of the Indian Ocean.
Introduction
Fishes of the family Nomeidae are important components of the marine food webs in the open-sea pelagic ecosystems. They are not exploited by commercial fisheries but incidental catches of large specimens have been already reported by longliners (Abe 1955) and tuna purse seiners (Romanov 2002) . Species of the genus Cubiceps are often recovered in the stomachs of top predators such as tunas (Alverson 1963; Legand et al. 1972; Bashmakov et al. 1991; Ménard et al. 2000; Bard et al. 2002; Potier et al. 2007c) , swordfish (Young et al. 2006; Potier et al. 2007c) , seabirds (Pinaud et al. 2005) , fur seals (Beauplet et al. 2004) , dolphins (Perrin et al. 1973; Dollar et al. 2003) , and balaenopterid whales (Romanov 2002) . The genus comprises 10 species (Agafonova 1994) . Most of them are small (maximum body length around 200 mm) except Cubiceps paradoxus and C. capensis that can reach 750 mm and 1000 mm, respectively (Agafonova 1994) .
The bigeye cigarfish (Cubiceps pauciradiatus) is one of the smallest nomeid fish, reaching a maximum length of 200 mm (Butler 1979) . Described as an pelagic species, the bigeye cigarfish is distributed in all equatorial and tropical ecosystems of the world ocean (Agafonova 1994) . Juveniles remain in the top 100 m of the sea (Salekhov 1990) . They feed on a broad spectrum of mesozooplankton species living in the epipelagic zone, including copepods, decapods, chaetognaths, heteropods, polychaets and hyperiids (Gorelova et al. 1994) . Adults are known to perform diel vertical migrations between the mesopelagic and epipelagic zones (Salekhov 1990; Agafonova 1994) . At night, they are found in the upper layers, and they move to depth of 200-300 m during daytime. Adult fish prey on macrozooplanktonic and micronektonic organisms: large copepods, larval decapods, euphausiids, hyperiids, siphonophores, salps and small fish (myctophids and genus Vinciguerria) (Salekhov 1990; Gorelova 1994) .
C. pauciradiatus is a major prey for several top predators in the pelagic ecosystem. In the eastern tropical Pacific, bigeye cigarfish was recovered in 24% of the stomachs of the pantropical spotted dolphin, Stenella attenuata, and was the third main fish prey by number (6% of the total prey items) (Robertson and Chivers 1997) . In the equatorial Atlantic (0 • -5 • N, 10
• -20
• W), and from November to March, the species was the most important prey by number (>300 individuals per stomach) of large-sized yellowfin tunas of free schools exploited by surface purse seine fishery (Ménard et al. 2000; Bard et al. 2002) . In the eastern part of the Seychelles archipelago (western Indian Ocean), Bashmakov (1991) noted that the bigeye cigarfish was the dominant prey of schooling tunas during the North-East Monsoon. Bigeye cigarfish was recovered in stomach contents of several top predators caught with longlines and purse seines during French research cruises carried out by IRD 1 from 2000 to 2006. Scientific observers on board Soviet purse seiners (Romanov 2002) , which operated in the Indian Ocean during 1980-1990s, recorded frequently this species in tuna stomachs. In addition, dense schools of juveniles were also observed at sea surface in areas of high aggregations of tuna schools (Bashmakov 1990, pers. comm.) .
1 IRD -Institut de Recherche pour le Développement, France.
In this paper, we combined for the first time past data from the YugNIRO 2 databases reporting observations from purse seine, longline and pelagic trawl scientific expeditions (Romanov et al. 2006) with recent data collected during the 2000s by IRD cruises. Our main goal is to investigate the spatial distribution of bigeye cigarfish and to describe the importance in fish diets of this poorly known species in the tropical pelagic ecosystem of the western Indian Ocean.
Material and methods

Data source
YugNIRO pelagic trawlings started in the 1970s and were carried out regularly from 1980 till 1990. They covered the whole Indian Ocean from 20
• N to 40
• S and from 20 • E to 120
• E. In 2002, two cruises with pelagic trawlings were performed by IRD in the Seychelles area and in the Mozambique Channel. A total of 6737 tows from 60 cruises were used here for mapping the seasonal distribution and abundance of bigeye cigarfish (Table 1) .
Stomach samples were collected by IRD from 2000 to 2006 on board longliners and large industrial purse seiners: six purse seiner cruises and nine longliner cruise took place around the Seychelles Islands (2
• E); one purse seine cruise and three longliner cruises were performed in the Mozambique Channel (9
• 30S-23 Table 1) .
From 1984 to 1992, stomach samples were collected by YugNIRO during nineteen cruises carried out on board Soviet tuna purse seiners in the Seychelles area (Romanov 2002) . In addition, YugNIRO longline research cruises were carried out from 1961 till 1989 and covered almost all the tropical and temperate waters of the Indian Ocean (Romanov et al. 2006) . However, during these cruises, bigeye cigarfish were rarely recorded because most of the stomachs were processed on board and prey species were not identified accurately.
Data analysis
Trawl data. To investigate the spatial distribution and to estimate the abundance of the bigeye cigarfish, trawl catches were adjusted according to the swept area method. Let a be the area swept by the trawl:
where D is the distance covered by the trawl estimated from exact positions of the start and the end of the haul, H r is the length of the head-rope and X 2 is a constant estimated to 0.5 (Pauly 1980). The abundance was expressed in number of individuals per square nautical mile (ind. nmi −2 ). Daytime trawls were excluded from the analysis. Every trawl was classified according to the season on which it was made, i.e. NE Monsoon (from November to April), and SW Monsoon (from May to October). Comparisons between seasons and spatial distribution were analysed through non-parametric statistics.
Predator classification
Tuna schools at sea surface are exploited by purse seine fishery, while longliners target individual fish at greater depths. The estimated depth of longline hooks ranged from 50 to 125 m, and from 50 to 350 m for IRD and YugNIRO cruises, respectively. Hereafter, surface predators refer to fishes that are caught by industrial purse seiners: they usually seek out concentrations of favoured prey near the surface (0-50 m) and they have a schooling feeding behaviour. Subsurface predators refer to fishes that are caught by longliners and that usually exhibit an individual feeding behaviour. Individuals of three tuna species (albacore Thunnus alalunga, yellowfin T. albacares, and bigeye T. obesus tunas) can be grouped as surface or subsurface caught predatory fishes, according to the fishing gear. The other predator fish species owned to one group only: skipjack tuna (Katsuwonus pelamis), frigate mackerel (Auxis thazard) and barracuda (Sphyraena barracuda) were assigned to surface predators, while swordfish (Xiphias gladius), the sailfish (Istiophorus platypterus), the striped marlin (Tetrapturus audax), and the longnose lancetfish (Alepisaurus ferox) were assigned to subsurface predators. Specimens of C. pauciradiatus were assumed to be adults at 80 mm onward (Agafonova and Poluyaktov 1992) .
Predatory fish were measured: eye-fork length for billfishes and swordfish (EOFL), and fork length (FL) for other species), weighed and dissected on board.
Stomach content analysis
Stomachs were usually frozen at -20
• C and transported to laboratory for further analysis. For YugNiro samples, either stomachs were processed on board or stored in the formaldehyde. In the laboratory, each stomach was thawed, and both accumulated (eroded otoliths) and fresh items subsequently sorted. Accumulated items were excluded from the analysis because they overemphasize the importance of some prey in fish diets. Fresh remains were divided into broad prey classes (fish, cephalopods, crustaceans and others), which were weighed to calculate their proportion by mass in the diet. Identification of fish prey relied on the external morphology of either intact specimens or fresh otoliths. Otoliths were identified by reference to features given by Smale et al. (1995) and Rivaton and Bourret (1999) , and by comparison with material held in our own reference collection. The length of the sagitta of bigeye cigarfish (L o ) was measured to 0.1 mm with a vernier calliper. We used our own allometric equations to estimate standard length (mm):
Data and statistical analyses
The contribution of C. pauciradiatus to the diet of a given predator was investigated using three indices: the frequency of occurrence (O i = the number of stomachs including C. pauciradiatus prey divided by the total number of non-empty stomachs), the fresh body mass (W i = the total fresh body mass of C. pauciradiatus prey divided by the total weight of prey items), the numerical importance (N i = the total number of C. pauciradiatus prey divided by the total number of prey items). To explore the role of C. pauciradiatus in the diet, O i , W i and N i were computed with the data pooled across all stomachs for each predator. Data did not match the normality assumptions of analysis of variance. We thus performed Kruskal-Wallis and Kolmogorov-Smirnov tests (Zar 1999) .
The number and the size distribution of the C. pauciradiatus otoliths recovered in the stomachs were tested using a forward stepwise regression taking into account different covariates: depth (surface, subsurface), zone (Seychelles, Somalia, Mozambique Channel), predator species (9 species) and predator size (EOFL or FL). For these analyses, the stomach was used as the sampling unit. Residuals were checked for normality by means of Shapiro tests, and for homocedaticity by plotting fitted values vs. residuals.
Results
Spatial distribution
The bigeye cigarfish was rarely caught in pelagic trawls carried out south of 20
• S. A few specimens were captured in 40 trawls carried out in the South of the Madagascar Island. On the other hand, the bigeye cigarfish occurred from 20
• N to 20
• S the whole year long. In the eastern tropical Indian Ocean, the abundance of bigeye cigarfish remained low (<24 000 ind.nmi −2 ) whatever the season. In the western Indian Ocean and during the South-West Monsoon, large concentrations of bigeye cigarfish were recorded in the Somalia area, in the east of the Seychelles archipelago and in the northern part of the Arabian Sea (Fig. 1a) . During the North-East Monsoon, large patches (>50 000 ind. nmi −2 ) occurred in the eastern part of the Seychelles archipelago, along the eastern coast of Africa and in the Arabian Sea (Fig. 1b) . For both seasons, the differences in mean density between the western and the eastern basins were significant (Mann-Whitney test; p < 0.01 during the NE Monsoon and p = 0.03 during the SW Monsoon). On the other hand, the densities per basin did not differ significantly between the seasons (MannWhitney test; p = 0.11 in the eastern basin and p = 0.22 in the western basin). Most of the trawls, with bigeye cigarfish, were performed at night (greater than 95% for both seasons), and more than 50% of the total night hauls have captured bigeye cigarfish (56% during the NE Monsoon and 50% during the SW Monsoon). On the other hand, bigeye cigarfish was rarely recovered during the daytime (8.6% of the trawls during the NE Monsoon and 8.5% during the SW Monsoon). In the day hauls, the average density was always very low (1000 ind.nmi −2 during the NE Monsoon and 270 ind.nmi
during the SW Monsoon) The night average density decreased slightly but not significantly from 3536 ± 8215 ind.nmi −2 during the NE Monsoon to 2851 ± 10 639 ind.nmi −2 during the SW Monsoon (Kruskal-Wallis test, H = 1.07, p = 0.30).
Contribution to large pelagic fish diet
A total of 31 species of large pelagic predatory fishes have been sampled for diet studies during the longline and purse seine cruises (several were by-catches of each gear). Bigeye cigarfish occurred in the diet of ten fishes. It dominated by number (>50% of the fish prey) the diet of three surface tunas (albacore, yellowfin and bigeye tunas) and of sailfish. Bigeye cigarfish were also a significant part by number (from 15 to 50% of the fish prey) of the diet of swordfish and of barracuda. It was a minor part (<10% of the fish prey) of the diet of striped marlin, of longnose lancetfish, of two subsurface large tunas (yellowfin and bigeye tunas) together with two small surface scombrids (frigate mackerel and skipjack tuna). Table 1 ): (a) South-West Monsoon, (b) North-East Monsoon.
Surface predators
Most of the surface fish predators (86%) contained fresh remains in their stomachs. Fish dominated always their diet by mass (>50%) except for albacore tunas in which crustaceans were the main prey component (96%) ( Table 2) . However, long-term dietary changes were observed for skipjack and yellowfin tunas, with a shift from fishes to crustaceans during the recent years. Overall fish prey were found in 58% of the 848 sampled stomachs, and 54 314 fishes were identified. bigeye cigarfish was the most important fish prey (by number) in large tunas (yellowfin, bigeye and albacore) and in barracuda. It ranked second among fish prey in small tuna species (frigate mackerel and skipjack), whose diet was dominated by anchovies Engraulis japonicus (Table 3) . Other important fish prey (>10% by number) included Vinciguerria nimbaria, Phosichtyidae, in the diet of barracudas. All other fish prey identified from stomach contents were recovered in small numbers (<5%).
Subsurface predators
Fresh remains were recovered in 88% of subsurface predators. Fish (>50%) dominated the diet of billfishes (sailfish, marlin and swordfish) and of large tunas (yellowfin and bigeye tunas) by mass (Table 2) . It was a significant prey class (>10%) in two other species (lancetfish and albacore). Fishes occurred in 74% of the 594 stomachs, and 3682 fish items were identified. Bigeye cigarfish was the most important fish prey for swordfish and sailfish by number. It was also present in small numbers (<10%) in yellowfin and bigeye tunas, striped marlin and longnose lancetfish (Table 3) . Other important fish prey (>10% by number) included: (i) myctophids of the genus Diaphus in the diet of albacore, yellowfin and bigeye tunas; (ii) the diretmid Diretmichthys parini in the diet of swordfish; (iii) mesopelagic fishes of the genus Paralepis in the diet of longnose lancetfish, yellowfin and bigeye tunas; (iv) two mesopelagic fishes Omosudis lowei and Alepisaurus ferox in the diet of longnose lancetfish (Table 3 ). All other fish prey identified from stomach contents were recovered in small numbers (<5%) only.
Abundance in the stomachs
Bigeye cigarfish occurred in the stomach contents of large pelagic fishes caught by purse seiners in the Seychelles waters, and by longliners in both Seychelles waters and Mozambique Channel. The species was not recovered in the diet of surface predators caught in the Mozambique Channel. For subsurface predators, the number of bigeye cigarfish per stomach was higher in the Seychelles waters than in the Mozambique Channel. For yellowfin tuna, bigeye tuna and swordfish, the number of prey per stomach increased from 3.0 ± 2.0 to 6.7 ± 9.2, 1.5±0.7 to 8.0±12.1 and from 2.6±2.1 to 4.3±4.5, respectively. However, the difference between both areas was significant for swordfish only (p = 0.017), and not for bigeye and yellowfin tunas (p = 0.37 and p = 0.232, respectively). Mean numbers of bigeye cigarfish per stomach content of surface predators sampled in the Seychelles waters during the 1980-1990's surveys were 171.1 ± 107.3 for yellowfin tuna, 118.5 ± 50.4 for bigeye tuna, 15.5 ± 7.0 for skipjack and 8.3 ± 2.3 for frigate tuna, while during the recent period (2000) (2001) (2002) (2003) (2004) (2005) (2006) , mean numbers were 26.0 ± 12.4 and 29.4 ± 32.5 for bigeye and yellowfin tunas, respectively. The differences between both seasons were significant (H = 27.8, p < 0.01, and H = 36.7, p < 0.01 for bigeye and yellowfin tunas, respectively). Furthermore, the number of bigeye cigarfish is always higher in the stomach contents of surface fish predators caught in the Seychelles area than in those of subsurface predators. The differences were significant for both bigeye and yellowfin tunas (p < 0.01 each). Stepwise regression results showed that depth factor (p < 0.01) and predator size (p < 0.05) were the most significant covariates explaining the number of C. pauciradiatus found in the stomach contents (Table 4) .
Size of the prey
Predator fishes fed upon both adults and juveniles of bigeye cigarfish (Table 5 , Fig. 2) . A Kolmogorov-Smirnov test performed on the size (SL) distribution of bigeye cigarfish ingested by yellowfin tuna showed that subsurface individuals prey upon larger fish than surface tunas (p < 0.01) (Fig. 3) . The same test performed on the body length distribution of bigeye cigarfish recovered in the stomachs of subsurface yellowfin tuna showed a significant difference between the Mozambique Channel and the Seychelles waters (p < 0.03): prey were larger in stomachs sampled in the Mozambique Channel than the ones collected in the Seychelles waters. Conversely, no difference was found in the size distribution of bigeye cigarfish eaten by swordfish caught in the two areas (p = 0.13) (Fig. 3) . The stepwise regression performed on the distribution of C. pauciradiatus sizes recovered in the stomachs show that the zone effect had a lower impact (p < 0.05) than depth, predator species and predator size (p < 0.01 each; Table 4 ).
Discussion
This study highlights the trophic importance of the bigeye cigarfish Cubiceps pauciradiatus in the tropical pelagic ecosystem of the western Indian Ocean. The same results have already been observed in the eastern Atlantic (Ménard et al. 2000; Bard et al. 2002) and in the Pacific Oceans (Alverson 1963) . In our study, C. pauciradiatus was found as a prey in nine species which are among the main fish predators of the pelagic ecosystem. The proportions by mass of the fish prey class (Table 2 ) and the proportions by number of bigeye cigarfish (Table 3) in the predator diets led us to consider that species as: (1) a major prey of the surface large tunas (yellowfin, bigeye and albacore), of sailfish and of swordfish; (2) a common prey of barracuda and skipjack tuna; (3) and a minor prey for frigate mackerel, striped marlin, longnose lancetfish and subsurface albacore, yellowfin and bigeye tunas. However, several fish predators have been poorly sampled in our study (e.g. barracuda, billfishes and albacore tuna), and therefore further investigations are needed for these species. The annual consumption of bigeye cigarfish by three predators (yellowfin, bigeye and skipjack tunas) was estimated to more than 20 6 metric tons in the Indian Ocean (Romanov and Zamorov 1999) .
Additional information from predator diets was gained on the vertical distribution of bigeye cigarfish. According to prey size, predators grouped in three assemblages. Skipjack tuna, lancetfish, barracuda and sailfish, together with surface albacore, yellowfin and bigeye tunas foraged near the surface on small bigeye cigarfish (41.2 mm and 1.2 g on average). On the other hand, subsurface yellowfin and bigeye tunas preyed rather upon bigeye cigarfish of intermediate size (88 mm and 12 g), while swordfish consumed much larger individuals (107 mm and 19.8 g). Accordingly, swordfish and subsurface bigeye and yellowfin tunas fed significantly on adult bigeye cigarfish (96%, 46% and 41% of the total number, respectively), whereas the surface predators preyed on juveniles only (Table 5) . Similar pattern of size selectivity of bigeye cigarfish were evidenced in the diet of predators from the Atlantic and Pacific Oceans (Fig. 4) . These results are related to ontogenetic changes in the depth distribution of bigeye cigarfish. In the Atlantic Ocean, Salekhov (1990) observed that juveniles were epipelagic, while adults performed diel vertical migration from mesopelagic waters to the surface. In open ocean ecosystems, large fish predators usually adopt an opportunistic feeding behaviour within their foraging range (Ménard et al. 2006 ). The differences in prey size distribution and in prey number observed in the stomachs of surface and subsurface fish predators can thus reflect the prey type availability in the environment. In the eastern Atlantic, Bard et al. (2002) showed that large schooling yellowfin tunas caught by purse seiners at sea surface were feeding on monospecific concentrations of bigeye cigarfish juveniles belonging to the same length class. In the same way, Ménard and Marchal (2003) investigated the foraging behaviour of surface tunas feeding on small schooling Vinciguerria nimbaria in the surface layers of the equatorial Atlantic, and Potier et al. (2007c) highlighted the role of the stomatopod Natosquilla investigatoris in the diet of tunas caught during the South-West monsoon in the Seychelles waters. In both cases, these concentrations of schooling prey were dominant in the surface layers prospected by tunas. Our results and these studies show that surface fish predators tend to feed on large concentrations of monospecific prey when they are available (Bard et al. 2002; Ménard and Marchal 2003; Potier et al. 2007c ). The subsurface predators did not exhibit the same feeding behaviour. They tended to feed on individual targets of larger size. If the bigeye cigarfish remained important in the diet of both swordfish and sailfish, it was less essential for subsurface tunas. Kornilova (1981) studied the detailed food composition of yellowfin and bigeye tunas caught by longline in the equatorial Indian Ocean from 1969 to 1973, and she did not mention bigeye cigarfish as a main prey. Our results are similar: in terms of mean proportions by number, the bigeye cigarfish represented 8% and 2% of the diet of yellowfin and bigeye tunas, respectively.
Our study, that combined historical and recent (2000) (2001) (2002) (2003) (2004) (2005) (2006) data, revealed the permanent trophic role of C. pauciradiatus in the diet of surface top predators in the western Indian Ocean. This role is dominant during the NorthEast Monsoon (December-April) when large concentrations of free schools of tunas are observed in the eastern part of the Seychelles archipelago. During that season, small bigeye cigarfish are always recorded in large number in the stomachs of schooling tunas (Bashmakov et al. 1992; Potier et al. 2007a) and schools of tunas are often observed in association with balaenopterid whales feeding on the same prey (Romanov 2002 ). The differences observed in the number of bigeye cigarfish preyed by schooling tunas between past and recent periods did not affect the catch per unit of effort (CPUE) of the French purse seiners operating on free schools in the same area during 132 M. Potier et al.: Aquat. Living Resour. 21, 123-134 (2008) of new fishing technology (sonars, birds' radars, etc.) . This observed stability in the CPUEs could be due to a decrease in the availability of tuna prey such as concentrations of bigeye cigarfish.
In the Indian Ocean and Atlantic Ocean (Salekhov 1990 ), the important contribution of bigeye cigarfish to large pelagic fish diets fits well with the high catches of that species recorded in pelagic trawling data. Large aggregations of small bigeye cigarfish have been already observed visually at the sea surface (Bashmakov 1990, pers. comm.) . Such aggregations likely indicated close spawning grounds and periods (from DecemberJanuary to March-April in the East of Seychelles). Eastward of Seychelles, concentrations of small ( Fig. 1) and mature (Fig. 5 ) bigeye cigarfish were located along southern streams of the South Equatorial Countercurrent (SECC) (Longhurst 1998; Schott and McCreary 2001; Schott et al. 2002) and within the South Equatorial Divergence. Both physical structures generate open ocean upwellings leading to increase of primary production (Longhurst 1998 ). In the same way, the highest densities of bigeye cigarfish in the Atlantic Ocean were recorded in zones of high productivity, such as the Equatorial Counter Current or the periphery of cyclonic gyres (Salekhov 1990; Lamkin 1997) .
Our work highlitghs the usefulness of marine predators to gain valuable information on the biology and on the distribution of their prey (Cherel et al. , 2007 Potier et al. 2007b Potier et al. , 2007c . Other nomeid fishes are important food items of various fishes, seabirds and marine mammals (Perrin et al. 1973; Pinaud et al. 2005) . Our study shows that these poorly known fishes constitute, seasonally, a crucial link in the transfer of energy from lower trophic levels (zooplankton) to higher trophic levels (including surface tunas and swordfish). Juveniles of bigeye cigarfish consume a broad range of zooplanktonic organisms inhabiting the upper 100 m of the epipelagic zone (such as copepods or hyperiids), while adults are known to consume large amount of salps and occasionally small fishes (Gorelova et al. 1994) . Therefore, Cubiceps pauciradiatus constitutes an important species of the intermediate trophic level in the tropical open ocean, connecting, through relatively short food chains, zooplankton to top predatory fishes.
